T he optical properties of two-dimensional (2D) semiconductors are dominated by excitonic effects. In particular, TMDCs have a direct bandgap in the visible region at the energetically degenerate K and K′ (−K) points of their hexagonal Brillouin zones, the so-called valleys. Inversion symmetry and strong spin-orbit interaction in TMDCs lead to spin-valley locking at K and K′ valleys. TMDCs can therefore support two different types of energetically degenerate exciton, which are identical except that they have opposite Berry curvatures. Consequently, the two types of exciton exhibit distinct responses to light of different helicity depending on their valley pseudospin [1] [2] [3] [4] . To take advantage of this effect and build feasible valleytronic devices for optoelectronic applications, this valley degree of freedom must be accessed through the different responses to external stimuli such as electric, magnetic and optical fields [4] [5] [6] [7] . Various applications in optoelectronics and valleytronics have been realized using the spinvalley effect 4, 5, [8] [9] [10] [11] [12] [13] . However, the lifetime of the valley excited state is typically very short 14 , especially at room temperature, making it difficult to maintain the coherence of the valley and manipulate its index. Moreover, light-matter interaction in atomically thin TMDCs is very weak, and is even weaker in nonlinear conversion processes such as second-harmonic generation (SHG). This limitation hinders the possibility of nonlinear valleytronic devices based on 2D TMDCs, which are necessary for valley-multiplexed data transport [15] [16] [17] [18] [19] . Therefore, it is important to establish viable approaches to the design of nanophotonic structures that, when combined with 2D TMDCs, could both boost the efficiency of nonlinear processes and exploit their valley index.
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Optical metasurfaces 20, 21 with subwavelength meta-atoms have emerged as important flat-profile platforms in nanophotonics capable of manipulating light properties including phase, amplitude, spin, frequency and chirality. Optical metasurfaces enable applications such as metalenses 22, 23 , metaholograms 24 , carpet cloaking 25 and many others [26] [27] [28] [29] . In particular, plasmonic metasurfaces in which a photonic spin-orbit interaction is devised can discriminate photon spins and apply a spin-related geometric phase to light. In this way, different spin components can be spatially separated, an effect known as the photonic spin-Hall effect [30] [31] [32] [33] [34] [35] . As a counterpart to freespace photonic spin-Hall metasurfaces, gratings with asymmetric corrugations or nanoholes have been used to launch unidirectional surface plasmon polaritons 33, 36, 37 . When these surface plasmon polaritons evanescently interact with excitons in 2D TMDCs in the near field, the subsequent spin-dependent directional photoluminescence carries the valley information to where the exciton is primarily generated 38, 39 . However, the photoluminescence generation process makes the coherence of the pumping and excited fields so weak that valley-exciton emission is very difficult to manipulate for practical applications. This issue becomes more serious when simultaneous control of the valley index in the nonlinear regime and enhancement of the spin-Hall effects are required to occur in free space instead of in the near field.
Here, we theoretically propose and experimentally demonstrate a metasurface-assisted photonic pathway to boost the coherent spin-valley-dependent nonlinear optical process in monolayer TMDCs and to steer the nonlinear photons from different valleys in any desired direction in free space at room temperature. As shown Fig. 1a , our synthetic Au-WS 2 metasurface contains two parts: the plasmonic Au metasurface (Fig. 1b) and the monolayer WS 2 on top of it. This metasurface is designed in such a way that the spin-valley-exciton-locked SHG occurs at the excitonic resonance of the K and K′ valleys in monolayer WS 2 6,12 . In addition, the plasmonic metasurface is able to enhance the nonlinear process responsible for SHG owing to large plasmonic field localization around the nanoholes. The Au metasurface imposes a chirality-dependent Pancharantnam-Berry phase gradient [40] [41] [42] , which arises from the photonic spin-orbit interaction, to the fundamental-frequency light. This gradient pumps the coherent SHG process and, consequently, steers nonlinear chiral photons emitted from different valleys in different spatial directions (Fig. 1c) .
Principle of steering nonlinear chiral valley photons
Here we present the theoretical foundation of our proposal for steering nonlinear chiral valley photons by means of a designed Au-TMDC metasurface. We first discuss the inherent nonlinear properties of monolayer WS 2 . Owing to its topological properties of broken inversion symmetry and D 3h ( m 6 2) symmetry in the SHG process, there is a complex interplay between the different momenta involved-the out-of-plane valley angular momentum, the excitonic angular momentum, the lattice angular momentum and the photon spin angular momentum-according to the fundamental angular momentum conservation law 6 . This leads to a nonlinear selection rule 6, 12, 15 , whereby two fundamental-frequency photons of a given helicity are converted, with a second-harmonic exciton of opposite helicity generated (see Fig. 1d ). This rule can be understood mathematically by looking at the non-vanishing components of the second-harmonic susceptibility tensor of the D 3h point group,
( 2) , where a and b are the principal directions of the monolayer, along the armchair and zigzag directions, respectively (see Supplementary Section 4 for more details). This selection rule is completely different from the incoherent photoluminescence process, in which the spin of the pumping and generated photons for one specific valley must be the same 4, 5, 43 . Therefore, although originating from the lattice symmetry of the WS 2 monolayer, the valley-contrasting physics associated with the nonlinear process of SHG is non-trivial.
SHG is a coherent phenomenon, and thus provides the possibility of controlling and tuning second-harmonic photons by manipulating the fundamental-frequency photons that trigger the nonlinear process. This is exactly what our designed Au metasurface does. As shown in Fig. 1b , the Au metasurface is composed of an array of rectangular nanoholes with spatially varied rotation angle θ. Each nanohole forms an individual resonator (see Supplementary Fig. 3d ,e) and can be treated as a birefringent wave plate 29 with an associated Jones matrix
where t x and t y denote the transmission coefficients along the two orthogonal principal axes and ⋅ T ( ) is the rotation matrix. The Jones matrix connects the output field (E out ) and incident field (
In this way, a spin-dependent geometric phase can be imprinted into the output fundamental-frequency field, which It is composed of rectangular nanoholes with different local rotation angles. c, The experimentally measured differential energy distribution (ΔI, the difference between the RCP intensity, I RCP , and the LCP intensity, I LCP ) and evolution of the second-harmonic signal along the propagation direction (z, in µm), which is normalized by the maximum measured total intensity in the z = 0 plane. d, Interband valley-exciton-locked SHG selection rule of hexagonal momentum space between the conduction band (grey) and valley band (green and yellow). e, Schematic of the physics principles of the valley-photon interface in our hybridized structures. θ denotes the rotation angle of a nanohole with respect to the x axis.
further excites the SHG of monolayer WS 2 on top of the metasurface (see Fig. 1e ). For example, incident right circularly polarized (RCP) light ( ω |+ ⟩ , ), ω denotes the pumping frequency, transmitted through the Au metasurface will be split into two parts: a residual RCP beam without a geometric phase and a left circularly polarized (LCP; ω |− ⟩ , ) beam with a geometric phase θ e i2 . In coherent SHG, two components will emerge according to the nonlinear conversion rules described above: a second-harmonic RCP beam ( ω |+ ⟩ , 2 ) from the K valley with double geometric phase θ e i4 and a second-harmonic LCP ( ω |− ⟩ , 2 ) beam from the K′ valley without any geometric phase. Thus, a spin-dependent phase gradient (∇ϕ) could be imparted to the second-harmonic photons when θ changes spatially. This phase gradient provides the momentum matching to steer the valley second-harmonic photons in different directions according to the generalized Snell's law 20, 30, 31 ,
More theoretical details are provided in Supplementary Section 4. Only the in-plane electric field (̂±Ê iE x y x y ) can pump and interact with the valleys of 2D TMDCs effectively 43 . These in-plane components are also the ones that the Au metasurface can manipulate, because the Jones matrix operates on only the x and y components of the incident field.
experimental demonstration
To verify our concept experimentally, arrays of rectangular nanoholes arranged in a hexagonal lattice were fabricated by using focused ion beam milling (FEI Versa 3D). The thickness of the Au film is 60 nm, the unit-cell periodicity is 730 nm, and the length and width of the rectangular nanoholes are 335 nm and 145 nm, respectively. The rotation angle responsible for the phase gradient in our metasurface is governed by ∂ x θ = π/Λ (see Supplementary Fig. 4a ). Here, Λ = 4.2 µm is the spatial period of the full π rotation angle variation. Two-photon luminescence experiments were performed to determine the degenerate valley bandgap, which was found to be 2.004 eV (see Supplementary Fig. 2 ). To tune the polarization of the incident beam, a quarter-wave plate (QWP1) was inserted between the laser and the Au-WS 2 sample. The fundamental-frequency beam focused by a lens (f = 8 cm) pumps the sample. The emitted signal was collected by an objective lens, filtered spectrally and imported to a spectrometer and a complementary metal oxide-semiconductor (CMOS) camera with an imaging tube lens. For the propagation measurement, we captured the SHG signals at propagation planes from 0 μm to 200 μm along the z axis in steps of 15 μm. The polarization of the emitted SHG beam was extracted by a Glan-laser polarizer with a second quarter-wave plate (QWP2) at z = 120 μm. All optical measurements were performed at room temperature. More details of the sample fabrication and optical measurement are provided in the Methods.
Linearly polarized field pumping. We first test our synthetic metasurface with linearly polarized illumination (QWP1 is removed in this case). As the evolutionary light trajectory measured along the x-z plane illustrates (see Fig. 2e ), SHG photons are split into three beams (−1st, 0th and +1st order). The intensity of the −1st (+1st) order in the image plane measured at the propagation length z = 120 μm changes from being strongest (nearly vanishing) when the rotation angle ψ of the polarizer is 0° to nearly vanishing (strongest) at ψ = 90° and, finally, to being strongest again (nearly vanishing) when ψ = 180°. By contrast, the 0th-order intensity remains unchanged while ψ is varied. Such features are compatible with the picture described above with regards to the close relation that exists between the geometric phase added by the Au metasurface to impinging fundamental-frequency photons and the chirality of second-harmonic photons emitted from different valleys of 2D TMDCs. Within this scheme, second-harmonic photons with a geometric phase of e i2θ (1st order) would have a predominant RCP character and correspond to excitons created in K valleys, after two LCP photons are converted by the WS 2 layer following the scheme depicted in Fig. 1d : one incident RCP photon that has acquired a geometric phase e i2θ and changed its chirality after passing through the Au metasurface, and an incident LCP photon being transmitted without any alteration after its passage through the same metasurface. In a complementary fashion, second-harmonic photons with a geometric phase of e −i2θ (−1st order) have a LCP character and are associated with excitons emerging from K′ valleys. To corroborate this quantitatively, we also measured the intensity of the LCP and RCP components of those orders (see Fig. 2a-c) . These results further support the claim that the designed Au metasurface can spatially separate second-harmonic photons from different valleys. To characterize the figure of merit of accessing the valleys via the Au metasurface in free space, we calculate the third Stokes parameter (S 3 = (I RCP − I LCP )/(I RCP + I LCP ) by measuring the averaged photon counts per unit area of the SHG spot. The measured S 3 of −1st, 0th and +1st orders are −0.94, −0.16 and 0.88, respectively, indicating the nearly-perfect figure of merit of our designed Au-WS 2 metasurface. The minor deviation of S 3 from perfect circular polarization (S 3 = ±1) or linear polarization (S 3 = 0) could come from an undesired oblique propagation and the experimental tolerance in measurements. Thus, it can be concluded that the nonlinear chiral photons from different valleys are separated in free space.
Another quantitative characterization is the deflection angle α of the −1st and 1st orders. This angle is linked to the geometric phase introduced by the nanohole array and depends on the period of the phase gradient associated with the design of the Au metasurface as k SHG sinα = ±2π/Λ (where k SHG denotes the free-space wavevector of a SHG photon, see Supplementary Section 4). This equation predicts α = ±8.47°, which matches very well with the experimental value of ±8.5°. Moreover, the intensity ratio of the +1st, 0th and −1st orders is measured as 1.58:1:1.53, which is remarkably consistent with the theoretical expectation of 1.59:1:1.59
2 2 ). In principle, there would be two more diffraction orders (±2nd) of SHG under linearly polarized pumping, with deflection angles of around ±17°, governed by k SHG sinα ′ = ±4π/Λ. Their intensities should be around one-third that of the 0th order (see Supplementary Section 4). These secondorder beams also appear in our experiments (see Supplementary  Fig. 4 ), but their measured intensities are much lower than the predicted ones, owing to the limited diffraction and collection efficiencies of our experimental apparatus.
Circularly polarized field pumping. We then switch the linearly polarized pumping to RCP illumination (see Fig. 3a ). QWP1 is now placed between the laser and the synthetic metasurface. The measured second-harmonic intensity at different propagation lengths is shown in Fig. 3c . Only two orders are clearly observed: the 0th order of cross-polarized light ( ω |− ⟩ , 2 ) emitted from the K′ valley and the 1st order of co-polarized light ( ω |+ ⟩ , 2 ) from the K valley. The experimentally measured S 3 values are −0.99 and 0.94, respectively. Conventional geometric-phase transmissive metasurfaces, linear (Fig. 3b) or nonlinear 31, 35, 44, 45 , always steer the light with opposite spin, owing to the spin-conversion process associated with the spin-orbit interaction. However, the exotic valley degree of freedom introduced by monolayer TMDCs displays a counter-spin SHG selection rule, allowing nonlinear photons with the same spins to be deflected (see Fig. 3a ). This finding reveals the critical role of the valley index in the photonic spin-Hall process associated with our synthetic metasurface.
Another interesting feature is the spatial deflection angle of the 1st order under RCP pumping (17.5°), which is approximately double of that of the 1st order when the structure is illuminated by linearly polarized light (8.5°). In the case of RCP illumination, the two LCP photons needed to create an exciton in the K valley must have originated from two incident RCP photons that have both changed their chiralities and acquired a geometric phase e i2θ after passing through the Au metasurface. Therefore, the geometric phase of the second-harmonic photons is e i4θ in this case. On the other hand, second-harmonic photons emitted from K′ valleys originate from the incident RCP photons that have been transmitted without spin conversion through the Au metasurface. 
Metasurface-enabled plasmonic enhancement of SHG
The second-harmonic nonlinearity of pure WS 2 has been reported to be as large as 5 nm V −1 (ref. 15 ), several orders of magnitude larger than in traditional nonlinear PhCs. However, the few-atom thickness of monolayer TMDCs limits the nonlinear light-matter interaction substantially. In Fig. 4 we compare the normalized SHG intensity of WS 2 on top of the plasmonic metasurface with that when the monolayer semiconductor is placed on a quartz substrate. We observe an enhancement of the SHG intensity by one order of magnitude in our synthetic metasurface. As shown in Supplementary Fig. 7 , the SHG could be enhanced at the valley-exciton resonance 6, 12, 13 , while our metasurface with large near-field enhancement could further boost SHG owing to the excitation of a plasmonic resonance 46, 47 at the fundamental frequency ( Supplementary Fig. 3c,d ). Finitedifference time-domain simulations (see Methods) reveal the emergence of a large plasmonic field localization at the metasurface-air interface, as depicted in Supplementary Fig. 3e ,f. These simulations show that the main contributions to the SHG originating from the monolayer WS 2 were from regions near the nanoholes, as the plasmonic field is highly concentrated in these areas. The average fundamental-frequency field (|E x (ω)| 2 + |E y (ω)| 2 ) within the nanohole area is estimated to be enhanced by a factor of around 33. Taking the area ratio of the nanohole (about 0.1) into account, the average second-harmonic field intensity enhancement is estimated to be around tenfold ((33 × 0.1)
2 ) according to the normalization method discussed by Wang et al. 46 . This large value agrees well with the experimental result shown in Fig. 4 , as well as the results of a rigorous nonlinear scattering theory (see Supplementary Section 6). Larger SHG intensity could be expected from topologically optimizing the properties of the nanostructure, such as the size of the nanoholes and the unit-cell periodicity of the array, but a tenfold enhancement is large enough to demonstrate the boosted light-matter interaction in our synthetic metasurface for nonlinear optical and optoelectronic applications 16 . Not limited to our Au metasurface, low-loss dielectric metasurfaces supporting Mie resonances could potentially be explored in the future to further boost the nonlinear response of 2D TMDCs [48] [49] [50] .
Conclusion
In summary, we have proposed a synthetic metasurface that combines a plasmonic spin-Hall metasurface and a WS 2 monolayer. It provides a photonic pathway to manipulate the valley-locked nonlinear emission and creates a nonlinear chiral valley-photon interface at room temperature. An enhancement of the SHG by one order of magnitude is achieved as a result of the high near-field confinement of light. This could be further enhanced by tuning the geometric parameters of the Au metasurface. In addition, the photonic spin-orbit coupling can induce a chirality-related geometric phase that interacts with the different valleys of monolayer WS 2 and steers the nonlinear valley-exciton-locked emission in any direction in free space, without requiring external stimuli such as an electric bias or magnetic field. Our strategy is of high fidelity and can be extended to other nanophotonic systems such as all-dielectric resonant metasurfaces and other TMDC monolayers. In future studies, the optical pumping or electron spin injection used to prepare the valley could be integrated into our synthetic metasurface to control the valley emission. Our work could provide a way to manipulate the valley-exciton transport, steer the spin-valley-exciton emission with nonlinear chiral valley-photon interfaces, and encode the valley index into free space.
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